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Abstract 
Multidimensional EXchange, TOtal Correlation and Nuclear Overhauser Effect 
SpectroscopY (EXSY, TOCSY, NOESY) lie at the foundation of homonuclear magnetic 
resonance correlation experiments in organic and pharmaceutical chemistry, as well as in 
structural biology. Limited magnetization transfer efficiency is an intrinsic downside of all 
these methods, particularly when targeting fast-relaxing or rapidly exchanging species. These 
phenomena are clearly observed in systems with labile protons ubiquitous in polysaccharides, 
sidechains and backbones of proteins, and in nucleic acids’ bases and sugars: The fast 
decoherence imparted on these protons through solvent exchanges, greatly reduces their 
involvement in homonuclear correlation experiments. We have recently discussed how these 
decoherences can be visualized as an Anti-Zeno Effect, that can be harnessed to enhance the 
efficiency of homonuclear transfers.  Looped PROjected SpectroscopY (L-PROSY) resulted 
from these considerations, leading to ≈200-300% enhancements in NOESY and TOCSY cross-
peaks for amide, hydroxyl and amine groups in biomolecules. This study demonstrates that 
even larger sensitivity gains per unit time –equivalent to reductions by several hundred-folds 
in the experiments’ durations– can be achieved by looping inversion or using saturation 
procedures. In the ensuing correlation experiments a priori selected frequencies are encoded 
according to Hadamard recipes, and subsequently resolved along the indirect dimension via 
linear combinations. Magnetization-transfer (MT) processes reminiscent of those occurring in 
chemical-exchange saturation transfer (CEST) provide then significant enhancements in the 
resulting 2D homonuclear cross peaks, in only a fraction of a normal 2D experiment’s 
acquisition time. These gains can be achieved at any fields but benefit considerably from the 
higher resolution and longer proton T1s provided by ultrahigh field NMR.  This is corroborated 
with experiments performed at 1 GHz, where the effectiveness of the ensuing three-way 
polarization transfer interplay between water, labile and non-labile protons was confirmed for 
proteins, homo-oligosaccharides and nucleic acids. In all cases, cross-peaks that were barely 
detectable in conventional 2D NMR counterparts, were measured ca. 10-fold faster and with 
200-600% signal enhancements by the Hadamard MT counterparts. Explanations on the 
efficiency of these new experiments, their application to additional systems, and extensions to 
higher dimensionalities, are also discussed. 
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Introduction 
Two-dimensional (2D) homonuclear NMR correlations1,2 are an integral part of the 
tools used to elucidate the structure and dynamics of organic, pharmaceutical and biological 
molecules.3,4 These correlations can be mediated by chemical exchange or by Nuclear 
Overhauser Enhancements (NOEs),5,6 and are probed by monitoring how off-equilibrium 
polarization from one spin reservoir travels to another via dipolar interactions or chemical 
kinetics.7–12,13–15 Magnetization transfers within a J-coupled spin network as achieved by TOtal 
Corelation SpectroscopY (TOCSY),16,17 leads to complementary information based on bond 
connectivities. Despite being routinely performed these 2D NMR experiments, and particularly 
NOESY, suffer from relatively low efficiencies, leading to low signal-to-noise ratio (SNR) in 
their cross-peaks, and to a need for extensive signal averaging times. Detection of NOESY and 
TOCSY cross-peaks becomes even more difficult when involving labile sites, as information 
is then “lost” through chemical exchanges with the solvent. Hydroxyl protons in saccharides, 
amino groups in proteins and nucleic acids, amides in disordered proteins, and imino protons 
in RNA/DNA, are prototypical examples of such challenging systems: when placed in their 
natural aqueous environment all of these will undergo a rapid exchange with the solvent, that 
dramatically reduces the efficiency of their intramolecular polarization transfers.  
We have recently introduced Looped PROjective SpectroscopY (L-PROSY),18 an 
approach that alleviates these problems by regarding these exchanges as “resets” within the 
framework of Anti-Zeno Effects.19–23  Instead of applying a single mixing period for 
homonuclear transfers that will then reach kinetically-compromised amplitudes, L-PROSY 
“freezes” these transfers after they begin to act with their (fastest) initial rate, resets the labile 
protons’ states to their initial conditions by exploiting their exchange with an unperturbed 
solvent polarization reservoir, and repeats this process multiple times.24,25 The ensuing ‘L-
PROSY encoding’ acts then as a sort of conveyor belt, causing the NOE/TOCSY cross-peaks 
to grow with the much more favorable rates characterizing their initial buildups, and lasting for 
as long as either thermodynamic considerations or the recipient’s T1 will accommodate them 
–before performing the latter’s signal detection. By selectively addressing only the targeted 
protons and avoiding water perturbation L-PROSY exploits some elements of the SOFAST 
NMR;26–29 at the same time, by its repeated action, it is also reminiscent of certain CEST 
polarization transfer elements.23-26 Despite their sensitivity gains, L-PROSY experiments are 
still long, requiring traditional t1 evolution periods to build-up multidimensional information. 
L-PROSY acquisitions can also lead to artifacts arising from an incomplete replenishment of 
the targeted sites’ polarization by the solvent, appearing as harmonics of genuine evolution 
frequencies and/or as anti-diagonal peaks. The present study demonstrates a new approach 
capable of alleviating both drawbacks while achieving even more complete magnetization 
transfer (MTs), by performing Hadamard-based34,35 selective polarization transfers of the 
targeted labile protons. It is shown that, whether involving multiple selective inversions or a 
continuous saturation procedure, this provides the highest enhancements per unit time we have 
seen to NOESY, TOCSY and EXSY experiments involving labile or fast relaxing protons –ca. 
two orders of magnitude gains over their conventional counterparts. 
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Principles of Hadamard-encoded 2D homonuclear correlations on labile sites. 
Frequency-domain Hadamard spectroscopy has been proposed as a way to replace the 
conventional t1 evolution increment of 2D time-domain NMR, by employing a “comb” of 
frequency-selective (polychromatic) RF pulses, that directly address peaks in the F1 frequency 
domain.34-36 If the frequencies of these peaks are known and well separated, 180˚ phase shift 
manipulations (Hadamard encoding) followed by suitable addition/subtraction reconstruction 
manipulations (Hadamard transform), have been demonstrated as means for speeding up the 
acquisition of 2D NMR spectra.  In order to bring the advantages resulting from a replenishing 
solvent pool of magnetization to bear into Hadamard-encoded MT (HMT) schemes, the 
original manipulations were replaced by either selective polychromatic saturations or looped 
polychromatic inversion pulses, addressing solely the fast-exchanging, labile protons. This 
leads to the experimental scheme depicted in Figure 1a, where what we denote as the “HMT 
block” encodes via an “on” or “off” irradiation, the labile protons according to a Hadamard 
scheme. This is done while perturbing neither the solvent nor the peaks that will eventually 
receive polarization from the labile sites. The fact that the large water spin reservoir is not 
perturbed, provides constant repolarization of the labile protons during the encoding process. 
While the fact that recipients’ spins are untouched prolongs the efficiency of an MT operating 
through cross-relaxation, J-coupling38 or chemical exchange, up to times lasting on the order 
Figure 1. a) Hadamard-encoded35 MT pulse sequence illustrating that two types of perturbation procedures can 
be utilized for efficient magnetization transfer according to Hadamard encoding– selective polychromatic 
saturations or looped polychromatic inversions (assumed here imparted by sinc pulses) followed by a delay for 
NOESY/EXSY transfer or DIPSI216  to achieve isotropic mixing for TOCSY (selective saturations can be used 
only for the NOESY/EXSY transfers; repeated inversions work for all). During these long MT processes a three-
way polarization transfer is effectively established, where water constantly repolarizes labile protons enabling 
prolonged magnetization transfer to non-labile protons. An anti-Zeno-like effect is thus achieved. “dec” refers to 
GARP437  decoupling, that was used during Hadamard encoding and acquisition for the labeled samples. Water 
suppression is achieved using excitation sculpting39  or WATERGATE 391940–42 schemes. b) 1D spectrum of 
myo-inositol showing in gray the dominating water resonance and illustrating the homonuclear transfers occurring 
during the MT. Shown below the 1D spectrum is a conventional TOCSY spectrum of myo-inositol acquired with 
48 ms DIPSI2 mixing, overlaid on a Hadamard MT TOCSY spectrum obtained using 12 loops of 24 ms DIPSI2 
mixing. Note the different acquisition times shown in the figure (≥12x faster in the HMT scheme), and the 
substantial (2-5x) enhancement of the cross- and diagonal peaks. Spectra were acquired at 600 MHz on a Bruker 
Avance III spectrometer equipped with a Prodigy probe. 
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of the latter spins’ T1. Finally, water-suppressed spectra are acquired using excitation 
sculpting39 or WATERGATE 391940–42 schemes. Figure 1b illustrates the ensuing gains, with 
overlaid conventional and HMT-encoded TOCSY spectra addressing the hydroxyl sites of 
myo-inositol –a prototypical saccharide. Whereas in conventional TOCSY the chemical 
exchange that labile protons undergo with the solvent averages out J-couplings and prevents 
an efficient transfer through the J-coupling network, in HMT the exchange does the opposite: 
it enhances the correlation, and magnifies cross-peaks up to 5-fold while requiring an order-
of-magnitude shorter acquisition times. 
To better describe and quantify HMT, the process was assessed using a Bloch-
McConnell model31,43–45 based on coupled differential equations that follow the fate of 
magnetization upon selective manipulation of the labile spins' pool. These labile protons were 
allowed to undergo suitably-population-weighted chemical exchanges with the solvent (water), 
while connected to a non-labile spin pool receiving polarization via a generic cross-relaxation18 
or J-coupling46 process represented by a rate s. The resulting equations can be written as: 
where 𝑀!! ,	𝑀"! , 𝑀""! , 𝑀"#  are the magnetization components of the labile, non-labile and 
water spin reservoirs along specified axis of the Bloch sphere, and 𝑀"!# , 𝑀"_%&# , 𝑀"##  correspond 
to the equilibrium magnetizations of these reservoirs (assumed for simplicity normalized to 
unity). Longitudinal and transverse relaxation rates were calculated as the inverse of the 
corresponding relaxation times 𝑅'/) = 1/𝑇'/) , and, in order to account for population 
differences between the solute and water pools, the exchange rates of the labile and water 
protons were scaled according to: 𝑘*+& [𝑠𝑜𝑙𝑢𝑡𝑒] = 𝑘*+, [𝑤𝑎𝑡𝑒𝑟]  . (2) 
In the specific instance of a NOESY-based HMT experiment 𝜎  represents the difference 
between zero- and double-quantum dipole-dipole cross-relaxation rates, and can be expressed 
in terms of normalized spectral densities 𝒥 as  𝜎 = 110 𝑏)8𝒥(0) − 6𝒥(2𝜔#)? (3) 
where 𝒥(𝜔) = -$'./%-$% and 𝑏 = − 0&12 ℏ4%5'  is the dipole-dipole coupling constant.47  
The 𝜔'in Eq. (1) denotes the strength of a saturation field, assumed applied along the 
x-axis. As mentioned, HMT can also be achieved using looped inversion pulses. To simulate 
𝑑𝑀!!𝑑𝑡 = 𝜔'𝑀"! − 8𝑅)! + 𝑘*+& ?𝑀!! + 𝑘*+, 𝑀!# 𝑑𝑀"!𝑑𝑡 = −𝜔'𝑀!! − 8𝑅'! + 𝑘*+& + 𝜎?𝑀"! + 𝜎𝑀""! + 𝑘*+, 𝑀"# + 𝑅'!𝑀"!#  𝑑𝑀""!𝑑𝑡 = −8𝑅'"! + 𝜎?𝑀""! + 𝜎𝑀"! + 𝑅'"!𝑀"_%&#  𝑑𝑀"#𝑑𝑡 = −8𝑅'# + 𝑘*+, ?𝑀"# + 𝑘*+& 𝑀"! + 𝑅'#𝑀"##  
(1) 
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these looped MTs within a similar model the transverse saturation terms were omitted, leaving 
equations that only depended on the z-components of the magnetizations:  
To account for the selective inversions of the labile protons an initial magnetization 𝑀"(0) =B−111 C  was taken, and numerical propagations were repeated 𝑙'  times assuming that after 
propagating Eq. (4) for a period 𝜏67+ , a perturbation transformed 𝑀"(𝑖 ∙ 𝜏67+) ⟶ 𝑈𝑀"(𝑖 ∙𝜏67+) , where 𝑈 = B−1 0 00 1 00 0 1C  represents a selective labile proton inversion, and 𝑖 =1,… , 𝑙' − 1.  
 Figure 2 shows the fate of non-labile magnetizations subject to these manipulations 
assuming a NOESY experiment as a case in point, and summarizes the cross-peak intensities 
expected from these two forms of HMT-related procedures. To better quantify the effects, the 
z-axes of these 3D plots are plotted as enhancements vs conventional NOESY cross-peak 
intensities, and calculated as 𝜀 = 𝑀""!(𝜏89:)/𝑀""!(𝜏67+;<: , 𝑙' = 1) for a saturation-based HMT, 
and as 𝜀 = 𝑀""!(𝜏67+,𝑙')/𝑀""!(𝜏67+;<: , 𝑙' = 1)  for the looped inversion HMT. These 
enhancements are plotted vs the main parameters of these experiments: saturation time and 
nutation field 𝜔' for the continuous irradiation case (left), and number of loops and mixing 
time per loop for the repeated inversion experiment (column). A small molecule scenario with 
fast tumbling (𝜏> = 0.1	ns) and short internuclear distances (𝑟 = 2	Å) was used in the cross-
relaxation rate calculations, and different chemical exchange rates 𝑘*+&  with the solvent were 
examined. In the case of a slower chemical exchange the expected enhancements reach factors 
≤5, while for faster exchange rates HMT boosts cross-peak intensities by an order of magnitude 
vs conventional NOESY. This is understandable since, as long as they take place in the slow- 
to mid-rate exchange regime (i.e., as long as solvent and solute lines are well separated), faster 
chemical exchanges will detract from conventional cross-relaxation transfers but enhance 
HMT’s efficiency by providing a more rapid and complete repolarization of the labile site from 
the abundant water pool. Chemical exchange rates also affect other aspects of the HMT 
enhancement: For slow 𝑘*+&  even low 𝜔' fields suffice to provide efficient saturation of the 
labile protons and high enhancements (Fig. 2a), while the enhancements need and benefit from 
higher 𝜔's when the repolarization by chemical exchange becomes fast (Fig. 2c). Furthermore, 
when relying on looped inversions, faster chemical exchanges repolarize labile protons more 
quickly, shifting the maximal transfer enhancements towards shorter mixing times and higher 
numbers of loops. Additional features including dependencies of HMT’s enhancements on 
correlation times, internuclear distances and chemical exchange rates are summarized in 
𝑑𝑀"!𝑑𝑡 = −8𝑅'! + 𝑘*+& + 𝜎?𝑀"! + 𝜎𝑀""! + 𝑘*+, 𝑀"# + 𝑅'!𝑀"!#  𝑑𝑀""!𝑑𝑡 = −8𝑅'"! + 𝜎?𝑀""! + 𝜎𝑀"! + 𝑅'"!𝑀"_%&#  𝑑𝑀"#𝑑𝑡 = −8𝑅'# + 𝑘*+, ?𝑀"# + 𝑘*+& 𝑀"! + 𝑅'#𝑀"##  
(4) 
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Supporting Figures S1 and S2. Predictions of a similar model focusing on the enhancements 
anticipated for J-based HMT TOCSY transfers, are presented in Supporting Figure S3. 
 
Figure 2. Enhancement factors 𝜀 calculated for CW saturation (left) and looped inversion (right) versions of HMT-
based experiments vs conventional NOESY transfers, computed for different rates of chemical exchange with the 
solvent. Cross-relaxation rates were calculated at 14.1 T for 𝜏( = 0.1	𝑛𝑠  correlation times and 𝑟 = 2	Å 
internuclear distance. Labile and non-labile sites relaxation rates were chosen as 𝑇)! = 𝑇)"! = 0.3	𝑠, 𝑇*! = 0.5	𝑠 
and 𝑇*"! = 0.8	𝑠; water relaxation constants were taken 𝑇)# = 0.5	𝑠 and 𝑇*# = 3	𝑠. A water excess of 500-fold 
was assumed. Red curves illustrate the conditions that in terms of saturation fields and number of loops, were 
usually explored in this study’s experiments. 
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HMT vs L-PROSY vs Conventional 2D TOCSY/NOESY. HMT’s principles are similar 
to those underlying L-PROSY –with main differences arising from their data acquisition 
formats, rather than in their cross-peak forming principles. It is therefore relevant to include 
the L-PROSY experiment in comparisons between HMT and conventional acquisitions. Figure 
3a illustrates 2D TOCSY NMR collected with all these methods on a 5 mM sucrose sample at 
2 ºC.  L-PROSY yields ≈2-4x sensitivity enhancements compared to conventional experiments; 
HMT yields similar enhancements for every cross peak. Figure 3b shows another comparison 
for a NOESY experiment acquired on 5 mM myo-inositol; again, notice the ≈8-fold 
enhancements arising upon comparing L-PROSY and HMT with conventional NOESY, and 
the resemblance between the first of these two sets in terms of enhanced diagonal- and cross-
peak SNRs. In both cases the Hadamard encoding required acquisitions that were shorter by 
an order of magnitude; this multiplexing advantage is as in previous forms of 2D Hadamard 
spectroscopy35,36 and, as in the latter, it is applicable in cases where peaks are sufficiently 
resolved and their nature a priori known. 
HMT and the effects of increased magnetic field strengths. Like CEST,48–50 HMT-based 
methods that target labile protons could benefit significantly from operating at the highest 
possible magnetic fields. Under these conditions (i) more rapid exchange rates can be 
accommodated, leading to more complete replenishments from the solvent reservoir without 
Figure 3. a) TOCSY spectra acquired on 5 mM sucrose using conventional (48 ms DIPSI2), L-PROSY (11x20 
ms DIPSI2) and Hadamard MT TOCSY (12x20 ms DIPSI2) schemes. Shown on top of each 2D spectrum are 1D 
traces extracted at the indicated horizonal dotted lines, with numbers indicating SNR improvements vs the 
conventional spectrum. Notice the superior spectral quality in both the L-PROSY and MT Hadamard experiments 
vis-à-vis the conventional TOCSY acquisition. b) Similar comparison but for NOESY experiments on 5 mM myo-
Inositol. The conventional NOESY experiment was acquired with 80 ms mixing, L-PROSY used 14 loops, 35 ms 
each; Hadamard MT was acquired using 800 ms CW saturation. All data were acquired on a 600 MHz Avance 
III Bruker equipped with Prodigy probe. 
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resolution penalties (in ppm); (ii) T1 relaxation times tend to get longer in, facilitating the extent 
of the intramolecular transfers;47,51,52 (iii) resolution between sites improves, leading to more 
facile conditions for implementing the 1D Hadamard encoding and to the possibility of relying 
on more intense w1 saturating fields; and (iv) it becomes generally easier to study the 
exchanging protons closer to physiologically-relevant temperatures. These advantages 
reinforce one another when studying polysaccharides, as depicted in Figures 4a and 4b for the 
Figure 4. a) Primary structure of a2,8-linked sialic acid tetramer, (SiA)4, depicting the rings’ numbering and the 
multiple hydroxyl and amide labile 1Hs. b) Magnetic field effect on the linewidth of hydroxyl hydrogen atoms. 
Note how the chemical exchange broadens certain hydroxyl protons at 600 MHz, while at 1 GHz most of the 
peaks are well-resolved, thanks to field-induced separation of the exchanging sites. (c,d) Comparisons between 
conventional 2D NOESYs acquired using 25% non-uniform sampling for a minimal acquisition time with faithful 
spectral reconstruction, and Hadamard MT experiments collected with 600 ms saturation at 600 MHz and 1 GHz, 
respectively. While conventional NOESY only revealed the closest neighbors, much richer information (coupled 
to much shorter acquisitions) is provided by the HMT. Still, full unambiguous assignment of this homopolymer 
is only possible with the resolution arising at1 GHz. 600 MHz spectra were acquired using an Avance III Bruker 
with a Prodigy probe, and at 1 GHz on an Avance Neo equipped with a TCI cryoprobe 
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hydroxyl protons of a2,8-linked sialic acid tetramer ((SiA)4).  Notice how field improves the 
1D spectral resolution for these sites leading, at 5 ºC and 1 GHz, to a nearly full resolution of 
all hydroxyl protons in the spectrum. Figures 4c and 4d compare conventional and HMT 
NOESY spectra acquired on the (SiA)4 glycan under such conditions, when recorded at two 
different fields. It is hard to discern correlations involving the hydroxyl protons in the 
conventional experiments due to weak cross-peaks and pronounced t1-noise: at 600 MHz barely 
any cross-peaks with these -OHs show up. Even at 1 GHz, the fast chemical exchange only 
permit conventional NOESY correlations between hydroxyl protons and some of the nearest 
aliphatic neighbors positioned at internuclear distances ≤2 Å, like IVOH8-IV8 (at 1.7 Å) and 
IVOH8-IV6 (at 1.9 Å). By contrast, HMT NOESY at 1 GHz –and, despite the challenges of 
selective saturation at lower fields, even at 600 MHz – provides a wealth of quality data, and 
in a fraction of the time needed by its conventional counterpart. Based on a previously solved 
structure of (SiA)4 under super-cooled conditions,53 these new data can be used for both 
assignments and for structural refinements –the former including intra-residue correlations, but 
the latter non-nearest neighbors. HMT reveals in fact inter-residue cross-peaks that are close 
to 5 Å apart, including IIOH7-I8 cross-peaks at ≈4.7 Å, IIOH9-I8 at ≈5.0 Å, and other cross 
peaks labeled red in Fig. 4d. Notice moreover, that these correlations involve hydroxyls with a 
wide rate of solvent exchange rates –ranging from ~10 s-1 for IVOH8, to ~40 s-1 for IIOH7 and 
even to ~100 s-1 for IIOH9.54 The reason for this efficiency is as explained above: faster 
exchanges may hurt cross-relaxation, but supply fresh polarization for the repeated transfer of 
information (Figs. S1, S2).  Further examples presenting similar advantages for this compound 
but focused on TOCSY correlations, are presented in the Supporting Information (Fig. S4). 
Amide, amino and imino proton correlations in proteins and nucleic acids. HMT at 
ultrahigh magnetic field turns out to be especially informative when implemented on the imino 
protons of nucleic acids. At 1 GHz these imino resonances, which can be broadened by 
chemical exchange with the solvent at lower fields, tend to be sharp and fully resolved. Figure 
5 shows the superiority of the HMT experiment over conventional NOESY for detecting cross-
peaks involving these imino resonances, utilizing a 14mer hairpin RNA as prototypical 
example. The wealth of peaks in the HMT correlations opens the possibility of elucidating their 
origin: with them, it is possible to obtain nearly full spectral assignments, confirming many 
more correlations than what possible with conventional experiments. Particularly valuable are 
the correlations involving U7 and U8 in the loop region: HMT enabled assignment of these 
imino resonances, by providing cross-peaks that fast exchanges with the solvent made 
undetectable in the traditional experiment.  Comparisons of conventional and HMT NOESY 
experiments collected for this 14mer at two different magnetic fields, are further illustrated in 
Figure S5. Slices extracted in these data for various imino sites confirm sensitivity/unit-time 
gains for the ensuing cross-peaks ranging between 200 and 600-fold. Notice moreover, that 
besides a superior resolution, the enhancements provided by HMT vs the conventional 
experiments are larger at 1 GHz that at 600 MHz. This can be attributed to one of the 
aforementioned field- derived advantages: at 1 GHz, the inversion/saturation pulses addressing 
the imino can be made more effective, leading to a more efficient MT perturbation and to ~25% 
larger enhancements when assessed against the conventional baseline. 
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Another advantage of operating at ultrahigh fields is that most amide backbone signals 
in small and medium-sized proteins become well resolved in 1D experiments, enabling HMT 
experiments on these N-bound 1H resonances as well. Figure 6 illustrates the benefits resulting 
from this with comparisons between conventional and HMT NOESY experiments recorded on 
LA5, a 40-residue protein,55 and on ubiquitin, a 76-residue protein. As in the case of the RNA 
these HMT experiments utilized a polychromatic looped encoding instead of single long 
saturation pulses, as both of these proteins were 15N labeled and looping facilitated 
heteronuclear decoupling during the encoding (sequence in Fig. 1a). Extracted 1D projections 
show a 1:1 match between the HMT and conventional spectra, with sensitivity enhancements 
of ≈2x provided by the faster former scheme. These enhancements are smaller than those 
observed for saccharides and nucleic acids due to the slower exchange rates that amide protons 
exhibit in these proteins’ structured environments; still when combined with 5-fold shorter 
acquisitions, it is clear that HMT also brings substantial sensitivity gains per-unit-time to 
proteins.  Even larger enhancements could result on disordered proteins; in such cases, however, 
limited spectral dispersion would require the incorporation of a 3rd, heteronuclear-encoding 
dimension in order to resolve the amide peaks.  Such experiments will be considered in a 
separate study. 
Figure 5.  a) Assigned conventional (100 ms mixing, 30 us delay for a binomial water suppression optimized for 
imino resonances) vs. b) HMT NOESY spectra (14 loops with a 20 Hz inversion pulse followed by 40 ms mixing 
each). Both spectra show correlations against imino resonances that were placed along the vertical direction; for 
maximizing its efficiency, however, the conventional spectrum was acquired with the imino resonances along the 
direct domain, and was flipped in this graph to match the HMT data (that actually encoded the imino protons in 
F1) –otherwise, the conventional experiment showed no peaks originating from the imino altogether. As this was 
an 15N-labeled sample, looped inversions / mixing periods were preferred over continuous saturations; otherwise, 
the constant 15N decoupling during the long saturation period led to sample heating. Notice the large number of 
imino correlations with other imino, amino and sugar aliphatic protons in the HMT experiment that are 
undetectable in the conventional counterpart. Assignments are labeled in the spectra and corresponding structure 
is shown in the inset; further examples of the SNR/unit_time arising in this RNA system are shown in the 
Supporting Information. Spectra were acquired at 1 GHz using a Bruker Avance Neo spectrometer equipped with 
a TCI cryoprobe 
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 The strong correlations that HMT can deliver also open up the possibility of exploiting 
homonuclear correlations against amino groups, whose protons are sometimes underutilized in 
NOESY and TOCSY experiments in both proteins and nucleic acids. Figure 7 shows how such 
2D correlations can be put to good use, with HMT NOESY examples targeting amino groups 
in both ubiquitin and in the 14mer RNA sample. Strong correlations are observed in both 
spectra among the amino protons themselves, arising from combined chemical exchange and 
Overhauser effects among these moieties. Similar correlations are detected, much more weakly, 
in the conventional experiments depicted in Fig S6c for ubiquitin and in Fig S7b for RNA. 
Moreover, HMT experiments reveal many additional long-range NOE-driven cross-peaks with 
the aliphatic protons for the protein case, and with the imino protons of nucleotides that are 
both in the same and in neighboring base pairs throughout the nucleic acid chain. When 
compared to the amide protons, it is clear that the faster chemical exchanges of these amine 
sites endow their HMT data with larger sensitivity gains –again, in the several hundred-fold, if 
considering SNR / unit time. 
Figure 6. Conventional vs HMT NOESY spectra recorded for a) LA5 (top), and b) Ubiquitin protein samples. Notice 
how the 23.5 T field is sufficient to resolve almost entirely the amide/amino resonances in these structured peptides 
(regions between 6.6 – 9.5 ppm) and enable fast, highly sensitive NOESY experiments by Hadamard MT. Conventional 
experiments were acquired with 300 ms and 250 ms mixing, respectively (for maximum NOESY cross-peaks); HMT 
employed 6x150 ms and 6x140 ms looped encoding. Spectra were acquired at 1 GHz using a Bruker Avance Neo 
console equipped with a TCI cryoprobe.  
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HMT: Exploiting hydroxyl correlations in proteins and nucleic acids. In addition to 
nitrogen-bound labile protons, hydroxyl protons in sidechains and in sugars are notoriously 
challenging targets to work with in protein and nucleic acid NMR, respectively.56–58 In both 
cases, the -OH peaks are often buried under other, sharper and more intense amine and amide 
resonances. On the other hand, hydroxyl protons usually undergo faster chemical exchanges 
with water than the latter; as illustrated in Figures 1-4, this qualifies them for potentially large 
cross-peak enhancements when targeted by the HMT scheme. Figure 8a shows a version of the 
HMT pulse sequence that could allow such usually ‘hidden’ hydroxyl hydrogens be encoded, 
by incorporating additional 15N/13C-based filters aimed at suppressing the intense signals from 
protons bound to 15N and 13C that would otherwise complicate the OH’s observation. To 
investigate if the OH protons could be targeted in such experiments, a series of 1D variable-
temperature (5-25 ºC) 15N/13C-suppressed spectra were acquired; proton resonances that 
survived the N-H and C-H suppression and became sharper at lower temperatures due to slower 
chemical exchanges with water, and were confirmed as likely candidates to arise from the labile 
hydroxyl protons (Fig S6b). Figures 8b and 8c exemplify the cross-correlations arising from 
this experiment on a doubly 13C/15N-labeled ubiquitin and on a 14mer RNA sample, 
respectively. Highlighted in these spectra are the hydroxyl hydrogen atoms that are addressed 
in the HMT NOESY; particularly interesting are OH-OH inter-residue correlations detected in 
ubiquitin, and the long-range correlations between the OHs of sugar OH and the base protons 
resonating between 7 and 8 ppm in the 14mer RNA that are mostly missing in the conventional 
spectrum in Fig S7c. These include interesting correlations between the 2’-OH groups and the 
aromatic protons of the nucleotide in the 5’-direction.56,59 In the conventional NOESY only a 
Figure 7. Amino protons targeted with Hadamard MT NOESY experiment in a) Ubiquitin and b) the 14mer RNA 
in Figure 5. The spectrum in a) was acquired with 12 loops and 80 ms per loop, while in b) a 600 ms long saturation 
pulse was used instead. The strongest correlations correspond to exchange and NOE cross-peaks to aliphatic and 
amino protons respectively; notice in the protein and the RNA, however, the interesting amide and imino cross-
peaks emerging as well. Spectra were acquired at 1 GHz using a Bruker Avance Neo console equipped with a 
TCI cryoprobe. 
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single such interaction is observed, between the 2’-OH group of C13 and the aromatic proton 
of C14. By contrast, in the HMT NOESY, a total of twelve such correlations were detected, 
giving hitherto unprecedented inter-residue correlations and distance information –including 
inter alia interactions between the 2’-OH of C10 and the H6 of U11, 2’OH of C3 and H8 of 
A4, and 2’-OH of G5 and H6 of C6. Additional cross-peaks are observed, but their 
unambiguous assignment is still challenging in this 2D NOESY spectrum due to a resonance 
overlap persisting even at 1 GHz. The incorporation of the HMT NOESY segment into a 3D 
experiment incorporating further information regarding the ribose protons, could potentially 
lift such ambiguities and contribute substantially to 3D structure determinations.  
 
Figure 8. a) Hadamard MT pulse sequence incorporating a filter to suppress protons bound to 13C and/or 15N in 
labeled compounds, in order to selectively observe ‘hidden’ hydroxyl hydrogens. The filter is applied at the 
beginning of every MT Hadamard loop in order to prevent the suppressed 13C- and/or 15N-bound protons to start 
recovering during mixing periods. Consequently, short mixing times have to be used per loop, which is not a 
hinder in this case thanks to the OH’s fast chemical exchanges with water. In the illustrated filter, a selective 
proton spin-echo is applied only to the HO-bearing regions, so as not to disturb other protons that maybe receiving 
the magnetization from these targeted sites. Examples are illustrated with b) Ubiquitin acquired using 10 loops 
and 50 ms per loop, and c) the 14mer RNA using 15 loops and 40 ms mixing time per loop. The structure in the 
inset illustrates the latter’s expected NOE correlations involving hydroxyl protons, and a nearly complete 
assignment of these resonances revealing the many long-range correlations provided by the HMT spectrum. 
Resonances labeled with an asterisk does not have unambiguous assignment, as they involve 4 or 5 overlapping 
hydroxyl protons. Spectra were acquired at 1 GHz using a Bruker Avance Neo console equipped with a TCI 
cryoprobe. 
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Conclusions 
 Hadamard MT was introduced here as an extension of previous projective-
measurement experiments where, instead of a looped t1 time-domain encoding, selective 
irradiations are used to impart significant sensitivity gains per unit-time in EXSY, NOESY and 
TOCSY homonuclear correlation experiments involving fast-exchanging protons. For 
achieving these gains HMT exploits the flow of fresh water polarization resetting the states of 
the targeted sites, whose perturbation away from equilibrium via saturations or inversions 
could then be used to magnify polarization transfer processes spreading throughout the 
molecules via dipole-dipole relaxation or through J-coupling. Thus, while chemical exchange 
with the solvent deteriorates conventional homonuclear transfer experiments, the abundant, 
slowly-relaxing water resonance improves these processes by several-fold when switching to 
this new encoding scheme. Relaxation properties of the non-labile protons on the receiving end 
of these transfers will limit the extent of these gains, as the MT process will only be effective 
over their ‘memory times’. It follows that operating at ultrahigh fields, where T1 relaxation 
times are usually longer, will improve the efficiency of these magnetization transfers. Further 
improvements at higher fields result from the line narrowing (in ppm) that labile 1Hs experience 
as a result of exchanges with the water, and from the possibility of increasing the extent of the 
saturation-derived transfer. Possible drawbacks of relying on such high-field MT processes 
concern potential sample heating effects, and an enhanced spin-diffusion among the non-labile 
sites in systems with high proton density. The former was not found to be a problem even when 
operating at 1 GHz; the latter, however, could rob the MT experiments from certain specificity. 
We investigated a similar possibility for the case of L-PROSY, where it was found that this 
new method still provided a 1:1 correlation with conventional NOESY cross-peak intensities 
when concerning translation of cross-peak intensities into inter-nuclear spatial distances –even 
in the presence of a spin-diffusion sink pool.18 We assume that this correspondence will persist 
over a wide range of solvent exchange rates and correlation times, a matter that is still under 
investigation. It also remains to be investigated whether the continuous-irradiation or the 
repeated inversion versions of HMT, might perform differently in terms of their potential spin 
diffusion effects.  
 While this study focused on homonuclear transfers originating from labile 1Hs being 
replenished by the solvent, the HMT concept could be exploited in additional NMR settings 
where fast-relaxing sites can be individually addressed. These include methyl groups in 
otherwise deuterated proteins, inter-molecular interactions including protein- and drug-binding 
processes,60–62 as well as fast-relaxing sites in paramagnetic biomolecules. The high efficiency 
and short-acquisition of HMT experiments can be further utilized for fast multidimensional 
reaction monitoring, especially involving small reagents/products in the fast tumbling regime 
that are traditionally hard to correlate with NOESY. The 2D Hadamard concepts introduced 
here could also be included as part of correlations with heteronuclei in 3D spectral 
acquisitions.34,63 Heteronuclear analogues of the homonuclear polarization transfer processes 
discussed here can also be envisaged.  Further discussions on all these cases will be presented 
in upcoming studies. 
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Experimental section 
Sample preparation. Myo-inositol was purchased from Sigma Aldrich (Israel) and prepared as 
5 mM solution at pH 6.0.  5 mM sucrose was prepared using household sugar at pH 6.5. Natural 
abundance a2-8 (SiA)4 was purchased from EY Laboratories Inc (San Mateo, CA); 25 mg of 
this tetramer were dissolved in 400 µL of 20 mM phosphate buffer at pH 6.5 containing  0.05 % 
NaN3, yielding an ~50 mM final solution at pH 7.35. The 13C/15N labeled RNA encoding the 
14mer gCUUGc tetraloop (5’-pppGGCAGCUUGCUGCC-3’) was prepared from a linearized 
plasmid DNA by a run-off in vitro transcription using the T7 RNA polymerase.64 In addition, 
the plasmid DNA contained a self-cleaving HDV ribozyme to ensure 3’ homogeneity.65 
Labeled rNTPs were purchased from Silantes (Munich, Germany). The RNA was folded in 
NMR buffer (10 mM phosphate buffer + 1 mM EDTA pH: 6.4) in 90% H2O and 10% D2O by 
denaturing it for 5 min at 95°C and subsequently slowly cooling down to room temperature. 
The final concentration of the RNA was 1 mM. Ubiquitin was purchased from Asla Biotech 
and was dissolved in PBS (Dulbecco’s Phosphate Buffer Saline at physiological pH, purchased 
from Biological Industries) at a concentration of 1 mM; LA5, the ligand binding domain 5 of 
the low-density lipoprotein receptor LDLR, was prepared as described by Szekely et al55 at pH 
7.4 and concentration 3 mM in 10 mM Tris buffer with 1 mM CaCl2. All protein samples were 
prepared in H2O/D2O (90%:10%) solutions containing NaN3. 
 
NMR experiments. NMR experiments were conducted using either a 14.1 T Bruker magnet 
equipped with an Avance III console and TCI Prodigy probe; and on a 1GHz, 23.5 T Bruker 
Avance Neo equipped with a TCI cryoprobe. Hadamard experiments were carried out using 
H8-H64 Hadamard encoding matrices depending on the number of peaks in the spectrum. 10 
Hz nutation field was used for saturation, while 20-25 Hz bandwidth sinc1 inversion pulses 
were used in looped inversion method. Number of loops and duration saturation were 
determined according to T1 values of receiving protons. Optimal values for NOESY and 
TOCSY mixing times were used in conventional experiments. Conventional TOCSY 
experiments were acquired using dipsi2gpph19/dipsi2esgpph standard Bruker sequences 
employing DIPSI2 isotropic mixing, while for NOESY experiments 
noesyfgpph19/noesyesgpph was used. In all cases, optimal mixing times and optimal 
WATERGATE delays for binomial water suppression according to the magnetic field were 
used. All spectra were processed in Bruker® TopSpin® 4.0.6. All spectra were apodized with 
QSINE or SINE window functions and while conventional spectra were zero-filled once, all 
Hadamard spectra were zero-filled to 256-1024 points. 
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Supporting Information 
 In general, HMT enhancements will be determined by the chemical exchange rate, and 
absolute values of the self- and cross-relaxation rates. Small relaxation rates and fast rates of 
chemical exchange will significantly impact the efficiency of NOESY experiments, yet these 
are the scenarios where one can exploit the fullest potential of Anti-Zeno Effects and MT 
encoded measurements as shown with myo-inositol in Figure 3. Figure S1 illustrates the 
achievable enhancements that HMT can provide with respect to various rotational correlation 
times and chemical exchange rates, when normalized against conventional NOEs. Figure S1a 
shows these enhancements assuming a continuous saturating RF with nutation field 𝜔' = 20 ∙2𝜋	𝑟𝑎𝑑/𝑠. One can see that the enhancements show a non-monotonic behavior with respect to 
correlation times, which reflects the similar non-monotonic dependencies exhibited by the 
cross-relaxation rates with tc (Fig S1a, inset). Figure S1b show a similar plot but for the case 
when Hadamard MT is achieved by looped inversion schemes, confirming similar maximum 
enhancements and overall behavior. Notice that as solvent exchange rates become faster both 
approaches increase their maximal potential enhancements, eventually surpassing ≥10-fold 
magnifications; this explains the strong cross-peak intensities achieved in the experiments, in 
only a fraction of the time needed for a conventional acquisition. Since these substantial 
enhancements are maximized when cross-relaxation rates are weak, it can be anticipated that 
they will not only arise from short correlation times (where s become smaller) but also for 
large internuclear distances making the dipole-dipole coupling constant progressively weaker. 
Figure S1. a) Maximum achievable enhancements of Hadamard MT NOESY with respect to correlation times 
and chemical exchange rates. The non-monotonic change shown by the enhancement with respect to correlation 
times can be explained by the non-monotonic cross-relaxation rates’ dependence on the tc, as shown in the inset. 
b) Similar enhancements plots but upon using looped inversions for the HMT instead of a CW saturation pulse. 
Parameters were similar as in Figure 2: cross-relaxation rates were calculated for internuclear distance of 𝑟 = 2	Å 
at 14.1 T. Relaxation rates were chosen to be 𝑇)! = 𝑇)"! = 0.3	𝑠, 𝑇*! = 0.5	𝑠 and 𝑇*"! = 0.8	𝑠 , while water 
relaxation constants were taken to be 𝑇)# = 0.5	𝑠 and 𝑇*# = 3	𝑠. 
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This provides HMT with an opportunity to reveal previously undetectable cross-peaks in 
challenging systems, as evidenced by the various experiments in the main text.  
Further insight onto these joint correlation time / internuclear distances effects are 
presented in Figure S2, calculated under the assumption of a continuous-wave saturation. The 
magnitude of the normalized transferred magnetization is shown in Figure S2a, plotted vs 
correlation times and internuclear distances for a water chemical exchange rate of 40 s-1. As 
expected, the strongest cross-peaks can then be detected for slow tumbling times and short 
internuclear distances that make the cross-relaxation rates the strongest. By contrast, the HMT 
enhancements vs a conventional measurement (Fig. S2b) show exactly the opposite scenario: 
they are the smallest for strongest cross-relaxation rates and vice-versa. For this instance, HMT 
enhancements are >14-fold regardless of the means of encoding; thus, a conventional 
experiment with similar sensitivity would take almost 200 times longer to acquire.  Moreover, 
if one arbitrarily defines 0.5% of the total magnetization intensity as an arbitrary experimental 
detection threshold, Figure S2a provides an estimate of the range of distances that HMT could 
target. Assuming a medium-sized biomolecule with correlation time ~3 ns this cross-peak 
intensity threshold would provide correlations with the labile 1H of up to 5.2 Å; in a fast 
tumbling regime where correlation times are ~0.1 ns, this distance drops to 3.5 Å. These figures 
are to be compared against what similar thresholds and models predict for a conventional 
NOESY experiment: 3.6 and 2.5 Å, respectively for each particular case.  
Equations 4, derived to estimate the efficiency of looped inversion MT experiments, 
can also be used to estimate the enhancements achievable in HMT-based versions of the 
TOCSY experiment. Indeed, as TOCSY requires a constant spin-lock to enable the transfer 
through J-couplings, it follows that only such looped inversions (followed by isotropic mixing 
sequences) are compatible with these schemes. To estimate the resulting enhancements, we 
replaced the cross-relaxation rate connecting non-labile and labile proton pools in Eqs. (4) with 
an average J-coupling-based transfer rate, and the 𝑇' values appearing in them with the spin-
Figure S2. a) Normalized magnetization transferred by continuous RF saturation from labile to non-labile protons 
plotted with respect to correlation times and internuclear distances. b) When these magnetization values are 
normalized to conventional NOESY, expected Hadamard MT saturation enhancements are obtained showing 
anticorrelation with the surface plot in a). A fast exchange rate of 40 s-1 was used in these simulations. 
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lattice relaxation times in the rotating frame (𝑇'?). Figure S3 shows the expected enhancements 
in HMT versions of the TOCSY experiment, for two different coupling transfer rates: 7 Hz, 
representing a typical three-bond coupling values, and 2 Hz, representing a longer-range 
proton-proton coupling. Notice that these HMT TOCSY experiments end up achieving 
somewhat smaller enhancements than their NOESY counterparts; this is due to the faster 
relaxation process (i.e., T1r < T1), constraining the extent of the transfer. Notice as well that 
higher enhancements are obtained for smaller values in the J-coupling (Figure S3b), reflecting 
the fact that the chemical exchange involved will average out these weaker couplings, and 
hence further reduce SNR in conventional TOCSY transfers than in their looped counterparts. 
 
As complement to Figure 4 in the main text, Figure S4 compares conventional and 
HMT TOCSY experiments recorded on (SiA)4. Notice the superior quality and information 
content provided by the HMT experiment despite its ≥30-fold shorter acquisition time than that 
Figure S3. Enhancements achievable in Hadamard MT TOCSY experiments comparing to conventional 
experiments for water exchange rate of 40 s-1 and two different J-coupling rates: a) 7 Hz which is typical 3J 
coupling constant and b) 2 Hz representing long range coupling. Relaxation rates were 𝑇*+! = 𝑇*+"! = 0.3	𝑠, and 𝑇*+# = 0.5	𝑠 
Figure S4. TOCSY spectra acquired on 78 mM (SiA)4 using conventional (40 ms DIPSI2) and Hadamard MT 
TOCSY (16x12 ms DIPSI2). While chemical exchange averages out J-couplings rendering TOCSY experiments 
very inefficient, HMT TOCSY provided numerous TOCSY cross-peaks that help in both peak assignments and 
the primary structure determinations. Spectra were acquired at 1GHz on an Avance NEO equipped with a room 
temperature TCI probe. 
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of the conventional experiment. In this case the HMT TOCSY yields correlations with labile 
protons that are up to 5 bonds away (i.e. IOH7-I9), despite the presence of >100 s-1 chemical 
exchanges with water. 
Figure S5 further illustrates the advantages of performing HMT experiments at high 
magnetic fields, when targeting nucleic acids imino resonances like those in the 14mer hairpin 
RNA studied in Figure 5 (main text). While at 14.1 T peaks such as those of G9H1 and G2H1 
are overlapping, they are fully resolved at 23.5 T, enabling their HMT encoding. Furthermore, 
the SNR of these and other imino peaks at 1 GHz is higher than at 600 MHz. Figures S5b and 
S5c compare conventional imino NOESY spectra against HMT-based counterparts at these 
Figure S5. Magnetic field benefits for nucleic acid experiments, as illustrated on the imino resonances of a 14mer 
RNA. a) Resolution improvement provided by 1 GHz over 600 MHz; highlighting the resolution of G9H1 and G2H1 
and enabling their distinction in HMT correlations. b) Conventional and HMT NOESY spectra acquired at 600 MHz 
and with 100 ms mixing, the latter using a 15 loop of inversion pulses with 12 Hz bandwidth. c) Idem for 1 GHz, 
using 14 loops and 20 Hz inversion pulses (allowed thanks to the better peak separation). 
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two fields. While HMT is superior at both magnetic fields, it can be appreciated from the 
extracted 1D projections that its enhancements are ca. 50% larger at 1 GHz than at 600 MHz –
comparing in both cases against conventional experiments done in the same field. This reflects 
the multiple factors mentioned in the main text, concerning the supra-linear improvements that 
HMT achieves with magnetic field.  
 
Complementing the HMT data in Figures 7a and 8b, Figure S6a shows ubiquitin’s 
WATERGATE 391940–42 spectrum highlighting the 6-10 ppm 1H region, and the same 
spectrum after suppression of all 15N/13C bound protons so as to reveal potential hydroxyl 
signatures. After examining these peaks at different temperatures (Fig S6b), it is possible to 
tentatively assign as hydroxyl protons those peaks that become sharper at lower temperatures; 
all the amide, amino and aromatic peaks are suppressed by multiple quantum filter, while the 
peaks that remain unchanged with temperature are attributed to unlabeled impurities present in 
the sample. Figure S6c shows NOESY spectrum from Figure 6b in the main text zoomed on 
amino protons region showing exchange cross-peaks with another set of amines and some 
correlations to aliphatic proton region. Figure S6d similarly shows hydroxyl protons region of 
conventional NOESY spectrum but acquired after suppression of 15N/13C-bound protons 
compared to HMT spectrum in Figure 7b. 
 
Figure S7 shows conventional full NOESY spectrum of 14mer hairpin RNA studied in 
the main text and two regions concentrating on regions where amino (Fig S7b) and hydroxyl 
(Fig S7c) protons resonate. While amino protons show cross-peaks to imino and other pair of 
Figure S6. a) Part of a 15N/13C decoupled WATERGATE 3919 spectrum of Ubiquitin illustrating amide and amine 
protons (black) at 25 °C and what remains from it after suppression of 15N/13C-bound protons. Shown by the 
dashed rectangle is the amino resonances region. b) Temperature series of corresponding suppressed spectrum 
revealing peaks that are getting sharper at lower temperatures as potential hydroxyl protons. c) Part of NOESY 
spectrum from Figure 6b zoomed on amino region. d) NOESY spectrum acquired after suppression of 15N/13C-
bound protons using mixing time of 150 ms with total acquisition time of 4 hours. 
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amino protons, correlations involving hydroxyl protons is harder to discern because they 
overlap with amino resonances. The intrinsically selective nature of Hadamard encoding helps 
target specific protons, and in combination with multiple quantum filter for 15N/13C-bound 
proton suppression, it can yield correlations involving solely hydroxyl or amino protons. 
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